Diabases were recovered during Legs 137 and 140 at Hole 504B from depths between 1621.5 and 2000.4 meters below seafloor in the lower sheeted dike complex. The samples contain multiple generations of millimetric to centimetric veins. The orientation of the measured veins suggests that two main vein sets exist: one characterized by shallow dipping and the other by random trend. Thermal contraction during rock cooling is considered the main mechanism responsible for fracture formation. Vein infill is related to the circulation of hydrothermal fluids near the spreading axis. Some veins are surrounded by millimeter-sized alteration halos due to fluid percolation from the fractures through the host rock. Vein-filling minerals are essentially amphibole, chlorite, and zeolites. Amphibole composition is controlled by the microstructural site of the rock. Actinolite is the main amphibole occurring in the veins and also in the groundmass away from the halos. In the alteration halos, amphibole shows composition of actinolitic hornblende and Mg-hornblende. Late-stage tension gashes and interstitial spaces in some amphibole-bearing veins are filled with zeolites, suggesting that the veins likely suffered multiple opening stages that record the cooling history of the circulating fluids. Evidence of deformation recorded by the recovered samples seems to be restricted to veins that clearly represent elements of weakness of the rock. On the basis of vein geometry and microstructure we infer structural inteΦretations for the formation mechanism and for deformation of veins.
INTRODUCTION
Diabases were recovered during Legs 137 and 140 at Hole 504B from a section of the sheeted dike complex that extends between 1562.3 meters below seafloor (mbsf; i.e., 1287.8 meters sub-basement) and 2000.4 mbsf (1725.9 meters sub-basement; Fig. 1 ). These rocks are crosscut by abundant millimetric to centimetric veins. Veins are ubiquitous downhole, but their distribution appears heterogeneous. Five main categories of veins may be distinguished on the basis of their mineral fills: (1) chlorite-bearing veins; (2) amphibole-bearing veins; (3) chlorite + amphibole-bearing veins; (4) chlorite + pyrite-bearing veins; and (5) epidote + quartz-bearing veins. There are no consistent crosscutting relationships among these vein generations. In all cases, however, the epidote + quartz-bearing veins appear to be the latest veins. Anhydrite was also observed in the veins. Crystallization of anhydrite likely occurred later than quartz formation.
The vein mineralogy from Leg 137/140 cores is comparable with secondary mineralogy described in the transition zone and dikes at Hole 504B. Alteration is inferred to have occurred in four general stages with characteristic mineral assemblages: (1) chlorite, actinolite, pyrite, and sphene in veins, and the same minerals plus albite in host rocks; (2) quartz, epidote, and sulfides in veins; (3) anhydrite locally in veins; and (4) zeolites and prehnite in veins and host rocks, and calcite in veins (Alt et al., 1986) . This sequence was mainly established on the basis of crosscutting vein relationships, and was related to the movement of the crust away from the spreading axis (Alt et al., 1986 (Alt et al., ,1989 Dick, Erzinger, Stokking, et al., 1992) . Greenschist minerals formed in the rocks during axial hydrothermal alteration at temperatures of 250°-380°C. As the crust moved off-axis, precipitation of anhydrite and, later, of zeolites (at temperatures less than about 150°C) was provided by the penetration of water in a recharge zone.
Veins are usually interpreted in terms of brittle failure of the rock and subsequently infill by material from circulating supersaturated solutions. Vein microstructures and mineralogy provide information about the mechanism of vein formation and physical conditions at mineral equilibrium. The purpose of this paper is to present a detailed study of the textural features and vein morphology and mineralogy in selected examples from Legs 137/140 cores. Microstructural and chemical data have been used to interpret mechanisms of vein formation. Microstructures were investigated primarily in samples oriented relative to local reference coordinates (i.e., the core barrel frame) to obtain some (albeit limited) structural and tectonic information. Electron microprobe analyses of chlorite + amphibole-bearing veins and amphibole-bearing veins were used to constrain the thermal conditions under which the infilling material crystallized from circulating hydrothermal fluids.
TECTONIC SETTING
Hole 504B is located about 200 km south of the Costa Rica Rift. It penetrates 2 km of a 5.9-m.y.-old oceanic crust. The half spreading rate of the south flank of the Costa Rica Rift has been estimated at about 3.6 cm/yr (Klitgord et al., 1975; Hey et al., 1977; Hobart et al., 1985) . To date, Hole 504B represents the most complete reference section through the upper oceanic crust. This section includes, below a 274.5-m-thick sedimentary cover, 571.5 m of pillow lavas and flows, underlain by a 209-m transition zone of mixed pillow lavas, thin flows and dikes, and 945.4 m (at the end of Leg 140) of sheeted dikes and massive units (Fig. 1) .
The structural evolution of the crust exposed at Hole 504B is still poorly defined mainly because structural information is not evenly distributed in the overall drilled section. Data collection may not be representative of the entire crustal section, as the recovery percentage is generally low, averaging between 12% and 20% (Cann, Langseth, Honnorez, Von Herzen, White, et al., 1983; Anderson, Honnorez, Becker, et al., 1985; Becker, Sakai, et al., 1988) . The interpretation of structural data is also limited by the one-dimensional nature of the borehole.
The deformation history of the oceanic rocks so far recovered at Hole 504B is relatively simple and apparently unaffected by slip components that should be active in the nearest (more than 70 km away) major Ecuador and Panama fracture zones (Agar, 1990) . deformation zone Figure 1 . Lithostratigraphy of the crustal section penetrated by Hole 504B with the location of the deformation zone (modified after Agar, 1991) . Depth is given in meters below seafloor.
Deformation and Relation to Alteration
The deformation history from the upper pillow lavas zone to the transition zone has been reconstructed in relation to the hydrothermal alteration at Hole 504B (Alt et al., 1985 (Alt et al., , 1986 Agar, 1991) . The resulting tectonometamorphic evolution starts with early brittle deformation due to thermal contraction associated with cooling of the crust. This event is followed by the first alteration stage, which occurred under greenschist facies conditions (chlorite-actinolite-pyrite-sphene), which affected the matrix of primary breccias. Reactivation of earlier fractures and faults occurred through dominantly dilational structures during the second alteration stage (quartz-epidote-sulfides). Further extensional veining was developed during the last (fourth, according to Alt et al., 1986) lower temperature alteration stage that produced zeolites-prehnite-calcite. Veins of the second and fourth stages of alteration were subsequently reopened in directions suggesting rotation of the local stress field.
The structure of the upper crust exposed at Hole 504B (from 274.5 mbsf to about 846 mbsf, Fig.l ) is characterized by a network of fine-scale fractures, which are attributed to the thermal contraction of the crust as it moved away from the spreading axis (Adamson, 1984 (Adamson, , 1985 Agar, 1990) . These early thermal cracks may have been reactivated as mode 1 (extensional) fractures probably related to subsequent high temperature alteration (Alt et al., 1985) . Evidence for mode 2 (shear) failure is scarce. Breccias of various origins have been detected (Agar, 1990) .
The crustal zone at the boundary between the lower part of the pillow section and the transition zone ( Fig. 1) is considered one of the most deformed intervals in the Hole 504B core (Agar, 1991) . This zone extending between 840 mbsf and 958.5 mbsf and corresponding to the so-called "stockwork-like zone" (Adamson, 1985; Anderson, Honnorez, Becker, et al., 1985) is characterized by a change from a fine-scale fracture network in the upper crust downward to a high concentration of fault rocks that are affected by high-temperature (200°-350°C) alteration. Abundant veins, breccias, and (inferred) hydraulic fractures have been observed. Polyphase deformation effects are recognizable on the microscopic scale (Agar, 1991) .
The transition zone is mainly characterized by dilational fractures, whereas the effects of non-coaxial deformation are locally revealed by microstructural indicators (Agar, 1990 (Agar, , 1991 . In contrast to the upper zone, examples of non-coaxial deformation overprinting dilational cracks have been observed in the transition zone.
The structural evolution of the lower Hole 504B (i.e., the sheeted dike complex) is less known. Published structural data mainly regard crustal fracturing and derive from downhole logging experiments during Leg 83 (Newmark, et al., 1985a, b) and Leg 111 (Morin et al., 1989; Pezard and Anderson, 1989) . Structural studies conducted during Leg 140 by core and thin-section observations and by interpretation of FMS images, show that deformation in the lower section of the dike complex is dominated by fracturing on all scales (Dick, Erzinger, Stokking, et al., 1992) . Nevertheless, no important zones of intense deformation were recognized. Evidence of faulting is rare and recognizable only at the microscope scale (Dick, Erzinger, Stokking, et al., 1992) .
DESCRIPTION OF VEINS Vein Geometry and Orientation
At least seven macroscopic vein types may be recognized in the diabase samples from Legs 137/140, according to their color in hand specimens (Dick, Erzinger, Stokking, et al., 1992) . On the basis of vein-filling minerals, these categories may be reduced to the following five: chlorite-bearing, chlorite and amphibole-bearing, amphibole-bearing, chlorite and pyrite-bearing, epidote and quartz-bearing veins. These veins range from <0.5 mm to about 2 mm in width. Mostly amphibole-, amphibole + chlorite-, and chlorite-bearing veins are surrounded by millimetric halos, in which alteration is usually more extensive (40%-90%) than in the adjacent rock. Halos around veins may exhibit a zonation in the extent of alteration that is reflected by different color in hand specimens. Namely, inner dark zones correspond to higher alteration percentage, whereas outer lighter zones correspond to lower alteration percentage (PI. 1, Fig. 1 ).
Veins in Leg 137/140 cores are evenly distributed with depth and a significant reduction in vein abundance is recognizable below 1850 mbsf. An average of 15 veins/m of recovered core has been recorded (Dick, Erzinger, Stokking, et al., 1992) . Structural data collected from the cores indicate the morphological characters of veins and their space orientation (Dick, Erzinger, Stokking, et al., 1992) . In hand specimens veins appear morphologically uniform, being planar (77%) or curvilinear to sinuous. Only a few veins have been observed with anastomosing or branching shapes. In one case, composite veins have been observed that likely developed from a typical overlapping crack system (Pollard and Aydin, 1988) and then propagated through the rock as a single vein (PI. 1., Fig. 1 ). True dip data suggest that veins are mostly shallowly dipping with only smaller peaks of steeply dipping orientation for the chlorite-and amphibole + chlorite-bearing veins. Paleomagnetic corrections applied to a small part of the overall detected veins suggest a random distribution of dip directions with a dominantly shallow orientation (Dick, Erzinger, Stokking, et al., 1992, fig. 78 ). These data have been interpreted as the result of super-position of two vein sets, one of which is shallowly dipping and the other is random. The shallowly dipping trend may indicate the presence of a compressive regime. The random fabric may be related to local stress conditions dominated by high fluid pressure and/or contractional cooling, rather than by a regional tectonic regime.
Microscopic Observations
Selected examples of veins from the diabase cores have been observed in thin section to study their morphology, the arrangement of the vein-filling minerals, and any possible indicators of deformation.
Almost all the veins exhibit planar to curvilinear shapes, which may locally branch or anastomose. Several examples of veins branching into two thinner veins leaving an isolated lense-shaped portion of diabase rock in between were observed in Samples 140-504B-186R-1, 53-57 cm (Piece 10); 140-504B-186R-1, 71-76 cm (Piece 13A); 140-504B-198R-1, 21-25 cm (Piece 6); 140-504B-200R-1, 105-107 cm (Piece 15). These veins probably originated as overlapping cracks that coalesced during their propagation (Dick, Erzinger, Stokking, et al., 1992) . Similar vein sets were recognized in hand specimens (Sample 140-504B-190R-1, 75-79 cm, Piece 17 (PL 1, Fig. 1) . A stepped vein was observed in Sample 140-504B-213R-1, 3-6 cm, Piece 2 (PL 1, Fig. 2 ). This vein is about 400 µm wide and filled with fine-grained clinopyroxene, minor amphibole, and magnetite. The vein-filling minerals are not deformed. The vein was reopened by the intrusion of a second vein (magmatic dikelet?), 300-500 µm wide and formed by albite, actinolite, and magnetite. The stepped vein may arise from the filling of a fracture with a tilted path (mixed mode 1 + 2; Pollard and Aydin, 1988) .
Almost all the veins, especially amphibole-and chlorite + amphibole-bearing veins, are characterized by irregular walls. This morphology is inherited by the shape of the igneous minerals that are replaced in the wallrock. In fact, in many veins amphibole fibers grow epitaxially on clinopyroxene crystals of the wallrock, exhibiting the same cleavage orientation (PL 1, Fig. 3 ). This suggests that syntaxial overgrowth of mineral phases in crack walls occurred during the earliest stages of fracturing and fluid circulation (Durney and Ramsay, 1973; Ramsay, 1980; Cox and Etheridge, 1983) . The orientation of amphibole in these veins is variable along the vein, being mainly controlled by the crystallographic orientation of clinopyroxene in the vein edges (see below).
The distribution of the vein-filling minerals along the vein reflects the igneous minerals in the wallrock: in amphibole-and in chlorite + amphibole-bearing veins, chlorite occurs in the vein when the wall is plagioclase, and actinolite when the wall is clinopyroxene. However, monomineralic veins may also develop when more than one mineral species occurs in the vein walls.
Vein Fill Textures
The arrangement of the vein-filling minerals may be of different types:
1. Stretched amphibole crystals (= "stretched fibers"; Durney and Ramsay, 1973; Ramsay and Huber, 1983) linking the walls of monomineralic veins or rimming the edges of multiply opened veins (Sample 140-504B-197R-1, 99-101 cm, Piece 22; PL 1, Fig. 4 ). In this latter sample, the long axes of the amphibole crystals are orthogonal to the vein walls but stretched fibers inclined at lower angle to the vein wall were also observed (see also Agar and Marton, this volume) . In the studied veins, the orientation of the fibers is strongly controlled by the crystallographic orientation of the clinopyroxene crystals replaced in the wallrock (syntaxial overgrowth). In multiply opened veins, the stretched fibers formed by syntaxial overgrowth on clinopyroxene during the earliest stages of vein opening and they were subsequently broken during later reopening stages (PL 1, Fig. 4 ). In some examples, the continuous crystallographic orientation of the stretched amphibole crystals is overprinted by kinking or bending (Plate 2, Fig. 1 ).
2. Random orientation of crystals, especially of amphibole (Samples 140-504B-186R-1,57-60 cm, Piece 10; 140-504B-186R-1, 81-84 cm, Piece 13B; 140-504B-189R-1, 105-106 cm, Piece 21B; PL 2, Fig. 1 ). The orientation of amphibole crystals is variable along the vein, but the shape orientation of crystals is at a high angle to the vein walls. Bent amphibole crystals are very frequent, especially in the middle of veins (PL 2, Fig. 1 ; see also PL 1, Fig. 3 Zoning patterns in the vein-filling process suggests that several distinct opening stages may have taken place during vein evolution.
4. Another pattern is represented by epidote + quartz vein in Sample 140-504B-192R-1,13-15 cm (Piece 4). Epidote forms acicular elongated crystals gathered into radial aggregates and occupying about one-half of the vein width (Dick, Erzinger, Stokking, et al., 1992) . The arrangement of epidote in radiating prisms oriented subperpendicular to the growth surface suggests crystallization in an open cavity (Durney and Ramsay, 1973) .
Vein Deformation
Most of the veins studied seem to have grown under stress conditions dominated by extensional regime in the brittle domain. In thin section, veins appear locally deformed, and deformation does not extend to the surrounding portion of the rock.
The following examples were selected for describing deformed textures in veins: 2. En-echelon cracks and tension gashes by simple shear inside amphibole crystals-filling veins (e.g., Samples 140-504B-186R-1, 53-57 cm, Piece 10; 140-504B-186R-1, 57-60 cm, Piece 10; Fig. 2 ). Tension gashes are filled with zeolites (see below). The orientation (paleomagnetically corrected) of the amphibole + chlorite veins in these two samples is 4271.9 (dip angle/dip direction) and 297315.9, respectively (Dick, Erzinger, Stokking, et al., 1992) . The geometry of tension gashes relative to the vein and core orientation (Fig. 2 ) suggests a sense of shear consistent with reverse faulting. Small "pullapart" type openings are produced by shear in a vein cutting a centimeter-sized clinopyroxene phenocryst (Sample 140-504B-186R-1, 17-26 cm, Piece 5; Fig. 3 ). In the voids of the pull-aparts, clasts of the host clinopyroxene, subsequently altered into amphibole, are supported by a chlorite + actinolite matrix. The orientation of vein is 277190 (true orientation calculated from apparent measurements). From the geometry of these pull-aparts and the orientation of the core, a sense of shear consistent with reverse faulting may be argued ( 2). Shearing is associated with brecciation; evidence of this comes from the offset of thin veins that crosscut the chilled margin (PI. 2, Fig. 2 ). Veins are filled by bent amphibole fibers. In the dike chilled zone, crosscutting relations between veins show a sense of offset, which is consistent with the sense of displacement as inferred in the shear zone (sample is not oriented).
3. Veins from the recovered samples frequently show evidence of brecciation. Small portions of the phenocrysts, or of the groundmass that are intersected by veins, are observed inside the veins. Clasts usually have a rounded shape and are enclosed in a fine-grained matrix consisting of chlorite and amphibole. Clinopyroxene clasts are replaced by amphibole and are most abundant where veins cut clinopyroxene phenocrysts, whereas plagioclase clasts are most abundant where vein intersects plagioclase phenocrysts in the groundmass (Sample 140-504B-186R-1, 13-14 cm, Piece 4; Dick, Erzinger, Stokking, et al., 1992) . Other examples of brecciation are found in Samples 140-504B-186R-1, 17-26 cm (Piece 5); 140-504B-189R-1, 105-106 cm, (Piece 2IB); 140-504B-221R-1, 11-15 cm (Piece 4; PI. 2, Fig. 3 ). In this latter sample, millimetric zones of cataclasis are characterized by strong reduction of grain size (from about 1 mm to 0.05 mm of length of plagioclase laths). Clasts have usually irregular shapes and are supported by amphibole matrix (PI. 2, Fig. 3 ). Brecciation could be related to either hydrofracturing or microfaulting or to both. The shapes of clasts are usually rounded off and do not fit together suggesting that breccias zone were partly affected by microfaulting.
Crosscutting Relations
Microscopic observations of crosscutting relations between vein sets do not lead to a definitive and consistent sequence of events, as already seen by macroscopic observations. Crosscutting geometries are basically of three types: 
MINERAL CHEMISTRY

Analytical Techniques
The composition of some vein-filling minerals was analyzed by a computer-controlled electron-probe microanalyzer (EMPA) at the Petrology Department of the University of Padova (Italy), at the IFREMER Institut of Brest (France), and at the Laboratoire de Petrologie of the UPMC of Paris (France). Cameca "CAMEBAX" and CAMECA MBX EMPA systems were used. Analytical conditions were at 15 kV of accelerating voltage and 15 nA of current intensity. Natural and synthetic phases were used as standards.
Calculation of the structural formula of amphibole has been conducted on the basis of 23 oxygens by utilizing the "AMPHI-BOL.EXE" program performed at the Laboratoire de Petrologie Magmatique of the Marseille University. Iron repartition has been obtained by this program on the basis of five different normalization methods: Si = 8 (no tetrahedral Al); SUMMG =13 (normalization to 13 of the sum Si + Al + Ti + Fe 2+ + Mn); SUMCA= 15 (normalization to 15 of the sum: Si + Al + Ti + Fe 3+ + Mg + Fe 2+ + Mn + Ca + Na); SUMNA = 15 (normalization to 15 of the sum Si + Al + Ti + Fe 3+ + Mg + Fe 2+ + Mn + Ca + Na). One method was selected when the conditions suggested by Papike et al. (1974) were satisfied.
The structural formula of clinopyroxene was calculated on the basis of six oxygens, using the MINTAB program for the Apple Macintosh computer (Rock and Carroll, 1990 ) based on the procedure proposed by Droop (1987) .
Structural formulae of laumontite and heulandite were obtained on the basis of 12 and 18 oxygens, respectively, and assuming all the iron to be ferrous. 
Amphibole
Amphibole is one of the most common vein-filling minerals in the Hole 504B Legs 137/140 cores. It also occurs in the alteration halos around veins and in the groundmass outside the halos where it is present as interstitial mineral or as replacement of igneous clinopyroxene. Interstitial amphibole is of uncertain origin and a clear connection with primary clinopyroxene cannot be identified. Amphibole has been analyzed in the following textural sites: (1) inside veins, (2) along the vein walls, replacing igneous clinopyroxene of the wallrock, (3) in alteration halo around veins, and (4) in the groundmass, away from the halo, either as interstitial mineral or replacing clinopyroxene.
No important chemical difference was detected between undeformed and deformed amphiboles and no zonation was observed inside single crystals. This could be interpreted as a bias due to the extremely reduced grain size of the fibers that makes it difficult to analyze transect across the fibers.
Most of the vein-filling amphiboles are actinolite (Leake, 1978 ; Table 1). Actinolite is very common, representing about 55% of the analyzed amphibole in veins, about 54% in vein walls, 19% in halos and 36% in the groundmass (Laverne et al., this volume). In veins, actinolitic hornblende is also abundant (Table 1 , analysis V5169), and it is usually characterized in thin section by a bluish-dark green color. Cummingtonite and edenite were found in minor amount inside the veins (Table 1 , analyses V3064 and B2186). In some veins, Mg-hornblende occurs in aggregates of needle-shaped fibers that are mostly associated with zeolite in apparent equilibrium (Table 1 , analysis V4112).
Amphibole that crystallized along the vein walls (syntaxial on clinopyroxene) is mainly composed of actinolite and actinolitic hornblende (Table 1 , analyses V4080 and V1016). In multiply opened veins, hornblende (s.l.) crystallized along the vein walls (not represented in Table 1 ), while the vein center is filled with actinolite.
In the alteration halo around veins, amphibole is mostly actinolitic hornblende and Fe-actinolite, but actinolite, Mg-hornblende, and cummingtonite were also found (Table 1) .
Amphibole occurring in the groundmass either as an interstitial crystal or after igneous clinopyroxene mostly exhibits actinolitic composition (Table 1) and, more rarely, actinolitic hornblende, Mghornblende, and edenite.
The occurrence of widespread actinolite inside the veins and in the host rock suggests temperatures during fluid circulation around 300°C; however, actinolitic hornblende and Mg-hornblende that are more frequent in the halos and in the vein walls would be consistent with even higher temperatures. On the other hand, it must be taken into account that, in the rocks studied here, amphibole composition appears strongly dependent on microstructural site, (i.e., vein or wallrock, vein wall, and halo), and it could be ascribed to the textural context more than to a temperature. In the wallrock, for example, minerals of the igneous paragenesis could have been involved during the reaction producing amphibole. This could explain the variation in the Mg number, especially in amphibole from the alteration halo (Fig.  5 ). The Mg number shows the lowest value in Fe-actinolite occurring in halo (analysis V5144 in Table 1 ). The iron enrichment in this amphibole may be explained by involving Fe-oxide, that is present in the wallrock, during the metamorphic reaction producing amphibole. Iron-rich amphibole has never been analyzed inside veins. Amphibole along the vein walls (syntaxial overgrowth on clinopyroxene) is usually characterized by a higher percentage of Cr 2 O 3 with respect to amphibole that grows in the middle of veins. Similarly, amphibole that replaces clinopyroxene in the alteration halo or in the groundmass (away from the halo) exhibits relatively higher Cr content, suggesting that Cr is not mobilized during the clinopyroxene alteration. Primary clinopyroxenes in basalts from Hole 504B were analyzed in upper crustal sections and show Cr content as high as 1.21 Cr 2 O 3 % (Kempton et al., 1985) .
Other chemical variations were observed among the analyzed amphiboles, which are not apparently related to microstructural site.
For instance, Ti content shows strong variation, and the highest values were obtained in edenite, Mg-hornblende, and act-hornblende from both veins and wallrock. Cl content is also extremely variable, but a clear correlation of Cl with tetrahedral Al was observed (analyses B2187, B2186, B3037 in Table 1 ). Moreover, relatively higher Al IV values are accompanied by relatively higher Ti content (same analyses in Table 1) or FeO content (analysis V5144 in Table 1 ). Correlation of Cl with Al IV has already been noted by Mével (1984) , Vanko (1986) , Suwa et al. (1987) , Castelli (1988) , Morrison (1991) , and Enami et al. (1992) , whereas Gulyaeva et al. (1986) and Suwa et al. (1987) showed high Cl values only in Fe-rich amphiboles. Such correlations among Cl, Al IV, and Fe 2+ have been explained recently in terms of crystal structure of calcic amphiboles (Oberti et al., 1993) .
Clinopyroxene
Fine-grained secondary clinopyroxene fills a 0.4-mm-wide vein in Sample 140-504B-213R-1, 3-6cm (Piece 2; PI. 1, Fig. 2 ). Representative analyses of clinopyroxene are reported in Table 2 . It is composed of diopside with variable Fe and Ca contents; namely clinopyroxenes with lower Fe contents are enriched in Ca (analyses Cl and C9 in Table 2 ) and vice versa (analyses C2 and C8). Unlike magmatic augite (Laverne et al., this volume), diopside does not contain detectable Cr 2 O 3 %, and differs from other secondary clinopyroxene, detected in samples between 1595 and 1619 mbsf, in that it does not show anomalous Ti and Na contents (Laverne et al., this volume). In association with clinopyroxene of Sample 140-504B-213R-1,3-6 cm, scarce amphibole (Mg-hornblende) occurs as probable older relict mineral inside the vein.
Secondary clinopyroxene has been found in gabbros from the Southwest Indian Ridge at Site 735B (Stakes et al., 1991) and from the Mid-Atlantic Ridge, in the vicinity of the Kane Fracture Zone (Gillis et al., 1993) . Clinopyroxene fills veins and shows composition similar to that of Sample 140-504B-213R-1, 3-6 cm, although richer in Ca and poorer in Fe. Secondary diopside has also been described in gabbroic dikelets crosscutting peridotites from the Atlantic MARK area (Tartarotti et al., unpubl. data) and shows higher Mn and Ca in respect to diopside in Sample 140-504B-213R-1, 3-6 cm. Clinopyroxene from the Southwest Indian Ridge and from the Atlantic has been interpreted of hydrothermal origin.
Zeolites
Zeolites fill tension gashes opened within actinolite crystals filling the veins in Samples 140-504B-186R-1, 53-57 cm (Piece 10); 140-504B-186R-1, 57-60 cm (Piece 10), and 140-504B-189R-1, 106-110 cm (see Fig. 2 ). Representative analyses of the zeolites filling tension gashes are reported in Table 3 . These zeolites are composed of laumontite in Sample 140-504B-186R-1,57-60 cm, and of heulandite (or stilbite?) in Sample 140-504B-189R-1, 106-110 cm (Table 3 ). In Sample 140-504B-186R-1,57-60 cm, zeolite also fills interstitial spaces, with hornblende needles occurring in the central part of the actinolitic veins. This zeolite shows composition of laumontite (analyses V4108, V4111 in Table 3 ).
The occurrence of laumontite filling interstitial pore space in veins is indicative of circulation of late-stage, relatively low-temperature fluids. The upper thermal stability of laumontite is about 230°C (Liou, 1971) , which is a lower temperature than that inferred for the stability of actinolite, which forms the main infill of the veins.
DISCUSSION
Structural Interpretation
The morphology of veins as observed in hand specimen and in thin section, and the arrangement of the vein-filling minerals, suggest that the veins studied here formed under an extensional regime in a brittle domain (Ramsay and Huber, 1983 ; "extensional fissures"). Veins Leake's (1978) nomenclature. ACT = actinolite; Act-HBL = actinolitic hornblende; Mg-HBL = magnesio-hornblende; CUMM = cummingtonite; EDEN = edenite; Fe-ACT = ferro-actinolite.
may be interpreted as mode 1 fractures (Pollard and Aydin, 1988) where opening displacement is perpendicular to the fracture surface. However, the occurrence of stepped veins (Sample 140-504B-213R-1, 3-6 cm, Piece 2) also suggests that fracture evolution may have been accompanied by shearing displacement. Mixed mode 1 + mode 2 opening fractures may have formed with a resulting stair-shaped or tilted path (Pollard and Aydin, 1988) . The fact that vein-filling minerals are not deformed in this stair-shaped vein supports this interpretation rather than syn-kinematic deformation affecting the vein after the filling process. Other peculiar features of fracture propagation are represented in the studied samples by T-intersections between veins and by hookshaped or overlapping veins. T-type pattern is indicative of fracture propagation due to thermal contraction during rock cooling. This occurrence suggests that at least part of the veins may have been developed from cooling fractures as also inferred from the vein orientation data. In fact, one generation of veins, showing random fabric, may be related to local stress conditions dominated by contractional cooling (and/or high fluid pressure), rather than by a regional tectonic regime.
The arrangement of the vein-filling minerals suggests that vein evolution was probably controlled by different mechanisms. Most of the veins are filled with elongated amphibole crystals (fibers) which mainly represent syntaxial overgrowth on igneous clinopyroxene of the wallrock. The shape and crystallographic fabric of amphibole is strongly controlled by the orientation of clinopyroxene along the vein edges. This may explain the variable orientation of amphibole fibers inside the vein. In this case, the microstructural orientation of fibers is not very helpful for reconstructing the opening trajectories of the vein. Some veins are filled with stretched fibers connecting the opposite vein sides and are regularly inclined to the vein wall. This type of fibers may be formed by repeated de-localized fracturing of the vein during crack-seal process (Cox and Etheridge, 1983; Urai et al., 1993) . Although crack-seal deformation probably represents one of the main process responsible for the formation of the veins studied, this cannot be supported by fluid inclusion criteria (Ramsay, 1980; Ramsay and Huber, 1983) because no fluid inclusions were observed inside amphibole at Hole 504B (D. Vanko, pers. comra., 1991) .
A few sampled veins show evidence of reopening and filling with the same or different mineral species. In some chlorite + amphibolebearing veins the distribution of these two minerals within the vein is random. It is therefore difficult to discern whether chlorite and amphibole represent filling-minerals related to different crack-seal episodes or to the alteration of different igneous phases in the wallrock. In veins where crystals or fibers are distributed in a zoned pattern, (usually coarse-grained amphibole oriented with elongated shape perpendicular to the vein walls and fine-grained, foliated or bent amphibole in the vein center), crack-seal process may be characterized by two main opening stages. The symmetric distribution of fibers in the vein suggests that reopening stages are probably characterized by breaking of the fibers in the center of the vein rather than by detachment of fibers from the vein edges. Free growth of new fibers into the cracks is expected rather than syntaxial overgrowth of fibers on the wallrock minerals (Cox and Etheridge, 1983) .
Deformation seems to have affected the studied veins in different ways. This is essentially inferred from the occurrence of bent crystals, tension gashes and breccias. It is important to note that in all cases, deformation is restricted to the veins and does not seem to affect the surrounding rock. We suggest that veins were essentially affected by coaxial deformation in the brittle domain. Crystal plasticity is indicated by the occurrence of bent crystals, although more detailed studies, such as TEM studies, could be needed to assert this. Bending of the coarse-grained crystals is locally accompanied by crystal breaking. This deformation more probably affected crystals that were oriented with their long axes orthogonal, rather than subparallel to the vein walls. This process may be explained in terms of rock compaction in response to local stress variations or of vein collapse during crack-seal (Etheridge et al., 1984) . According to this model, the crack collapse and consequent deformation of the precipitating minerals is induced by the fluid bleeding-off the fracture if pressure gradients (even local) between fractures and rock material exist.
Deformation by shear (mainly simple shear) in studied veins is indicated by: (1) offset in crosscutting veins accompanied by crystal deformation; (2) opening of pull-aparts within veins, and (3) opening of tension gashes in amphibole crystals filling the veins. Shear deformation seems to be limited to the vein domains because the texture of the wallrock appears isotropic and undeformed. In a few examples of oriented core pieces, where pull-apart and tension gashes occur in veins, the inferred shear sense suggests that displacement took place by a reverse faulting mechanism. The orientation of these veins is consistent with the measured set of shallowly dipping veins. By considering deformation effects from different scales, microscopic extensional features such as tension gashes and pull-aparts in veins can still be σ> 0.5 Table 1 . Edenite (analysis B2186 in Table 1 ) is reported for comparison, although it has (Na + K) >0.5. Nomenclature after Leake (1978) . compatible with a (localized?) compressive regime as suggested by reverse microfaulting. Evidence of a compressive regime is suggested by the shallowly dipping set of veins that were measured during Leg 140. A compressional stress state has been inferred at Hole 504B from the occurrence of breakouts at depths below 700 mbsf, indicating a maximum horizontal compressive stress roughly perpendicular to the ridge axis (Moos and Zoback, 1990) . Results from breakouts are also consistent with the state of stress inferred from borehole televiewer (BHTV) logs at Hole 504B (Morin et al., 1989 (Morin et al., , 1990 and from compressional (strike-slip and reverse faulting) earthquake focal mechanisms in young oceanic crust (Bergman and Solomon, 1984; Bratt et al., 1985) . The earthquake focal mechanisms reveal that reverse faulting predominates at shallow depths and that at greater depths, strike-slip and normal faulting become more common. The compressive crustal stresses in young oceanic crust (younger than 15 m.y.) have been interpreted as due to thermoelastic effects of plate cooling more than to plate-driving forces (Bratt et al., 1985; Moos and Zoback, 1990) . Brittle deformation in the studied rocks is also pointed out by the occurrence of breccia zones associated with veins. These breccia zones may be interpreted in terms of cataclasis or, alternatively, of hydraulic fracturing accompanying or following the veining process. Hydraulic fracturing would require that fluid pressure (P f ) locally exceeds the confining pressure.
Mineralogy
Mineral chemistry data obtained from vein-filling minerals, coupled with microstructural observations in veins, are helpful for understanding the evolution of rock alteration in relation to deformation. Most of the veins are filled with amphibole. Amphibole analyses carried out in distinct textural sites within veins and in the host rock suggest that: (1) veins are mostly filled with actinolite; (2) in alteration halos around veins, actinolitic hornblende and Mg-hornblende prevail; (3) in the groundmass, away from halos, actinolite is the main amphibole composition; (4) multiply opened veins are usually filled with hornblende along the vein walls and with actinolite in the vein center. These observations suggest that: (1) according to the amphibole composition, namely the Al IV and Ti contents (Liou et al., 1974; Blundy and Holland, 1990) , amphibole occurring at the vein edges and in the halos around veins could have formed under relatively higher temperature conditions, during early hydrothermal alteration within incipient fractures. Reactions were restricted to the veins and halos because not enough fluid was available, or because rock permeability was low, or because the fluid circulation was too short-lived (see also Laverne et al., this volume); and (2) veins probably recorded higher temperature conditions of the circulating fluids along the vein walls and progressively lower temperature conditions in the vein center, due to subsequent cooling of fluids. Otherwise, we have to take into account that amphibole composition probably depends on the microstructural site in which it grows (e.g., vein, wallrock close to the vein or away from the vein) because igneous minerals of the wallrock can be involved during metamorphic reactions. For this reason, interpretations of temperature conditions should be given with caution.
Fluid evolution under progressively lower temperatures is inferred by considering the occurrence of zeolites (the upper thermal stability of laumontite is 230°C; Liou, 1971) filling interstitial spaces or latestage tension gashes in actinolite and chlorite-filled veins. A similar zoned pattern has been observed in amygdules containing chlorite and actinolite in the margins and epidote, quartz, or laumontite-filled cores (Dick, Erzinger, Stokking, et al., 1992) .
Mineral assemblages described in the veins are consistent with the alteration history inferred for the transition zone and dikes at Hole 504B (Alt et al., 1986, 1989, and this volume) . Vein-filling minerals of different metamorphic facies have been observed, consistently with the alteration evolution occurring under decreasing temperatures, when the crust moved away from the spreading axis. However, detailed microstructural observations, in connection with mineralogy, have shown that alteration is heterogeneous at the microscopic scale. The composition of secondary mineral products strongly depends on the microstructural site of the rock, because it can be affected by the primary phases that are involved by metamorphic reactions. If this is the case, it can be difficult to characterize the hydrothermal alteration at a larger scale.
SUMMARY
According to the microstructural features and mineralogy of the studied veins, the following schematic sequence of vein formation mechanism may be proposed (Fig. 6 ):
1. Fracturing of rock (pure extension fractures, stage A, in Fig. 6 ) due mainly to the cooling and/or to the regional stress field. The former process is probably responsible for the randomly oriented vein set, and the regional stress field (compressive?) may be responsible for the generation of shallowly dipping veins.
2. Circulation of relatively high-temperature fluids inside cracks, and subsequent fracture filling by secondary clinopyroxene and amphibole (crack-seal, stage B, in Fig. 6 ). Rock porosity (mainly diffusion porosity) may allow fluid percolation through the wallrock, followed by the formation of alteration halos around fractures where actinolitic hornblende and Mg-hornblende crystallized (stage B1, in Fig. 6 ). Hornblende may also grow along vein walls as syntaxial overgrowth on igneous clinopyroxene in the wallrock (stage B2).
3. Crack-seal process ensuring the re-opening of veins and subsequent filling by mainly greenschist facies mineral assemblage (actinolite, chlorite, quartz, epidote?; stages C, D, and E, in Fig. 6 ).
4. Shear deformation restricted to veins (stage F-a, in Fig. 6 ). This is indicated by the presence of tension cracks, tension gashes, and pull-aparts in veins and offsets between veins. Shearing may be partly produced by injection of dikes. Vein orientation and shear sense indicate that reverse microfaulting may occur locally.
5. Further filling of veins by late-stage, lower temperature (about 250°C and lower) minerals (e.g., laumontite and heulandite).
6. Deformation of the vein-filling minerals by local compaction due to local stress variation, or by collapsing of the rock during fluid circulation in cracks, and precipitation of material in solution (stage F-b, in Fig. 6 ). 
